Introduction
One of the major obstacles in non-viral gene delivery is the interstitial transport of large nucleic acids and their carriers. Genes must first gain access to the cell surface before they are able to enter cells and achieve protein expression. This often entails traversing a portion of the interstitium in which transport of large molecules, such as plasmid DNA, is severely impaired. 1 The mechanism of impairment is two-fold. First, the diffusion coefficient of large molecules is small and the time required for diffusion is proportional to the square of the diffusion distance. Thus, extracellular diffusion is inefficient for large molecule transport over several cell layers. Second, convective transport in solid tumors is limited, due to uniformly elevated interstitial fluid pressure. 1 The interstitial hypertension significantly reduces the driving force for fluid flow and thus the convective transport of nucleic acids. To solve this problem, we proposed to use pulsed electric fields as a new driving force for improving interstitial transport of plasmid DNA.
Electric fields have been used to push charged macromolecules, including nucleic acids, through polymeric gels. This process, known as electrophoresis, has been applied for nucleic acid separation and characterization in molecular biology studies for over 20 years. In the last 10 years, electric fields, with high intensity and short duration, have been used in vivo to permeabilize the plasma membrane of cells (ie electroporation) for delivery of plasmid DNA and cytotoxic agents. [2] [3] [4] [5] Clinical trials of electric field-mediated drug delivery have been conducted to treat tumors. 6, 7 These studies demonstrate that it is feasible and safe to use electric fields to facilitate drug and gene delivery.
Electrophoresis of nucleic acids in pulsed electric fields has, to our knowledge, not been quantified in tissues. Current studies on the optimization of electric fieldmediated drug and gene delivery have been focused on improving transport of molecules across the plasma membrane of cells. 8 Thus, it is unclear what are the optimal electric pulses for enhancing interstitial transport of DNA. To this end, we developed an ex vivo technique to quantify the electrophoretic movement of plasmid DNA in pulsed, high electric fields in two murine tumor tissues: 4T1 and B16.F10. We found that electrophoresis of naked DNA in tumor tissues was feasible and that pulsed electric field could provide a stronger driving force than the concentration gradient for interstitial transport of large nucleic acids. In addition, we found that electrophoretic movement of plasmid DNA in tissues was inversely correlated with the collagen content in tissues.
Results
Pulsed electric fields enhance the interstitial transport of plasmid DNA Rhodamine-labeled plasmid DNA and 0.5 m fluorescent beads were loaded into 1-mm thick slices of tumor tissues. The size of these slices was approximately 8 × 8 mm 2 . Ten electric pulses (100 V/50 ms or 200 V/50 ms) were delivered to the tissue via stainless steel razor blade electrodes fixed in parallel and 4.3 mm apart. The pulse parameters, ie electric field and duration, were consistent with those in previous investigations on cell transfection via electroporation in vivo. [9] [10] [11] The vector of total DNA movement per pulse was determined by maximizing the normalized correlation coefficient of two fluorescence images of DNA taken between successive pulses. A vector representing tissue deformation or movement, due to electrolysis at the tissue-electrode interfaces, was determined by tracking bead coordinates in fluorescence images taken between successive pulses. The net DNA movement in tissues was calculated by vector subtraction of the tissue movement from the total DNA movement.
The magnitudes of plasmid DNA movement in B16.F10 melanoma subjected to a 50 ms pulse at electric fields of 233 V/cm and 465 V/cm were 1.47 × 10 Ϫ1 m and 3.69 × 10 Ϫ1 m, respectively ( Figure 1 ). The magnitudes of DNA movement in 4T1 mammary carcinoma pulsed under the same conditions were 3.51 × 10 Ϫ2 m and 1.01 × 10 Ϫ1 m, respectively ( Figure 1 ). The electrophoretic movement of plasmid DNA was greater in B16.F10 tumors than 4T1 tumors (P = 0.042 and P = 0.003 for 233V/cm and 465V/cm, respectively). The measured mobilities of plasmid DNA were statistically greater than zero in all cases (P Ͻ 0.01). The directions of the plasmid movement were determined as the angles between the vector of plasmid movement and the direction of the electric field. In the 4T1 tissues, the average angles were -13.2°and 1.6°for 233 V/cm and 465 V/cm groups, respectively. In the B16.F10 tissues, these angles were -16.6°and 7.0°for 233 V/cm and 465 V/cm groups, respectively. The deviation of these angles from zero was random in individual experiments and presumably caused by the deformation of tissues and the tortuosity of local transport pathways. 
Gene Therapy
Electrophoresis is the driving force for plasmid transport in pulsed electric fields DNA transport in electric fields could be facilitated through electrophoresis, electroosmosis, and tissue deformation. To estimate the contributions of electroosmosis and tissue deformation to DNA movement shown in Figure 1 , we analyzed the movement of rhodamine-labeled beads, which were similar in size to the rhodamine-labeled plasmid in tissues. In this experiment, only the higher electric field, 465 V/cm, was considered as it produced the greatest amount of tissue deformation and electroosmosis. The net movements of the beads in eight slices of both the 4T1 and B16.F10 tumors are shown in Figure 2 . The distances of bead movement in either tissue were not statistically different from zero (P = 0.35 and P = 0.86 in 4T1 and B16.F10 tissues, respectively). Thus, tissue deformation and electroosmosis did not contribute significantly to the measured movement of plasmid DNA and the data shown in Figure 1 would be mainly due to electrophoresis.
DNA mobility correlates with collagen content
The B16.F10 tumors were very soft and pulpous, whereas the 4T1 tumors were rigid and tightly bound. The differences in tissue textures and, subsequently, plasmid DNA mobilities between the two tumors were likely due to the differences in the extracellular matrix, specifically collagen. Therefore, a Masson trichrome staining was performed on 5 m thick sections of B16.F10 and 4T1 tumors to qualitatively visualize the collagen content. The cytoplasm and nuclei were stained purple, while the collagen was stained light blue ( Figure 3 ). The staining showed no perceptible collagen in B16.F10 tumors and an abundance of collagen in the 4T1 tumors ( Figure 3) .
We also quantified the total collagen content in these tumors via hydroxyproline measurement, since hydroxyproline is an amine exclusive to collagen and accounts for 10-15% of the total weight of collagen. 12 The average collagen content found in three different B16.F10 tumors 
Discussion
The data in this study demonstrate that pulsed electric fields could be used to improve interstitial transport of DNA through transient electrophoresis. The electrophoretic movement of DNA in tissues depended on the collagen content, and would be much faster than DNA diffusion over several cell layers.
The diffusion coefficient of plasmid DNA has never been quantified in tumor tissues, mainly due to lengthy duration of measurement and rapid DNA degradation in tissues. However, diffusion of plasmid DNA in tissues is likely to be slower than that of proteins, because the former is in general larger than the latter and may bind nonspecifically to extracellular matrix due to charge-charge interactions. The diffusion coefficients of IgG, which has a hydrodynamic radius of approximately 5.5 nm, range from 0.87 × 10 Ϫ7 -1.97 × 10 Ϫ7 cm 2 /s in various tumors. 13 Dextran (2 000 000 MW), which has a hydrodynamic radius of approximately 20 nm, has the interstitial diffusion coefficients on the orders of 10 Ϫ7 to 10 Ϫ8 . 13, 14 Furthermore, the diffusion coefficient of linear DNA in 2% agarose gels has been measured. 15 A linear DNA fragment (4.4 kb), similar in length to the plasmid (5.1 kb) used in our study, has a diffusion coefficient of~5 × 10 Ϫ9 cm 2 /s. However, we found that the DNA movement could not be detected in tumor tissues over a 10-min period if the electric field was not applied. The pixel size in the fluorescence images of DNA was less than 0.5 m in our study. Thus, the diffusion coefficient of DNA in tumor tissues was Ͻ2 × 10 Ϫ12 cm 2 /s if it could be estimated as ⌬x 2 /(2⌬t), where ⌬x was the diffusion distance over a period of ⌬t. This analysis suggests that the diffusion coefficient of the plasmid DNA in tumor tissues can be several orders of magnitude smaller than that in the 2% agarose gel.
The ratio of electrophoresis versus diffusion can be quantified by a dimensionless parameter, P EE = vL/D, where v is the electrophoretic velocity, L is the transport distance, and D is the diffusion coefficient. P EE is similar to the Peclet number for the ratio of convection versus diffusion. If L = 30 m and D = 2 × 10 Ϫ12 cm 2 /s, then our data shown in Figure 1 suggest that electrophoresis is five to six orders of magnitude faster than diffusion, depending on the pulse strength and tumor tissues.
Compared with diffusion, the advantage of electrophoresis as a mechanism of interstitial transport is at least five-fold. First, it is more effective to push DNA through tissues as discussed above. Second, electrophoretic movement is proportional to time, whereas diffusion is proportional to the square root of time. Thus, the enhancement ratio, P EE , will increase rapidly with time or the number of electric pulses. Third, the driving force of electrophoresis increases with the size of DNA, due to the greater number of charged groups, whereas the driving force of diffusion, ie the concentration gradient, is independent of the size. Fourth, the electric field is capable of deforming the flexible DNA molecules, allowing them to squeeze through small pores in the extracellular space from which they would normally be excluded (see also Discussion below). Finally, the rapid movement of DNA molecules reduces the probability of their degradation in the interstitium. DNA degradation has been one of the critical problems in gene delivery in vivo. The estimated half-lives of intact plasmid range from 5 min to 24 h, depending on tissues. [16] [17] [18] [19] Therefore, the amount of DNA degradation can be significantly reduced if the residence time of DNA in the interstitium is minimized through rapid transport.
Electrophoresis may also be a major mechanism for cellular entry of nucleic acids through the transient pores in the plasma membrane of cells, induced by electroporation. This mechanism has been investigated extensively in vitro. [20] [21] [22] [23] Although direct in vivo evidence remains to be found, the importance of electrophoresis for DNA transport across the plasma membrane of cells has been suggested indirectly.
Many papers have reported recently successful gene transfer in vivo via electroporation, utilizing low voltage (eg 50-500 V/cm), millisecond duration, and square shape pulses. 5, 9, 24, 25 Although higher strength pulses (eg 500-3000 V/cm), with durations in the microsecond range, have been demonstrated to be useful in transfecting cells in vitro, [26] [27] [28] Lucas et al 29 demonstrated that low voltage, millisecond duration pulses resulted in a higher gene expression in vivo than high voltage, microsecond duration pulses. A reduction in pulse duration from a millisecond to a microsecond range may cause DNA electrophoresis to be ineffective, as found in our in vitro experiments using 2% agarose gels (data not shown). Therefore, an optimal approach to electric field-mediated gene transfer might be to apply a train of different pulses consisting of both higher voltage, microsecond range and lower voltage, millisecond range fields. Such a strategy has been employed by Lucas et al 30 to achieve greater gene expression. These data suggest that electrophoresis plays an important role in electric field-mediated gene transfer in vivo.
In addition to electric pulses, we found that DNA mobility was inversely related to the collagen content in tissues. Collagen matrix is a major barrier for transport of large molecules. 13, 14 The diffusion coefficient of a large molecule may differ by more than one order of magnitude in tissues containing different amounts of collagen. 13 Collagen interfibrillar distances in tissues with wellaligned and poorly aligned bundles are 20-40 nm and 75-140 nm, respectively.
14 The radius of gyration of a 5.4 kb plasmid was on the order of 100 nm. 31 Thus, the diffusion of molecules with hydrodynamic radii approaching interfibrillar distances will be extremely difficult, due to frictional and steric interactions, as well as path tortuosity.
14 In these situations, electric field is a more effective driving force than concentration gradient since it is capable of deforming the large, flexible nucleic acids and thus allowing them to squeeze into spaces from which they normally would be excluded. 32 In summary, electrophoresis in tissues shows promise in enhancing interstitial transport of large nucleic acids during non-viral gene delivery in vivo. While we provided the first quantification of the electromobility of plasmid DNA in tissue, a great deal of research needs to be conducted to better characterize this novel strategy for gene delivery. In addition, future studies are required to optimize pulse strength, duration and sequence for in vivo electrophoresis of plasmid DNA in specific tumor tissues. The improved interstitial transport of DNA may enhance the entrance of therapeutic genes into cells, which in turn may result in higher transfection efficiencies during electric field-mediated gene transfer in solid tumors.
Materials and methods
Tumor models/cell culture B16.F10 is a metastasizing subline of the B16 melanoma. 4T1 is a highly metastatic murine mammary carcinoma. These cells were cultured at 37°C, 95% air and 5% carbon dioxide in DMEM supplemented with 10% fetal bovine serum, 100 U/ml streptomycin, and 100 U/ml penicillin. Cells were harvested from flasks with 0.25% trypsin/EDTA and rinsed twice in PBS. Female C57BL/6 and balb/c mice (4-6 weeks, Charles River, Raleigh, NC, USA) were anesthetized with i.p. injections of ketamine/xylazine (80 mg/kg + 10 mg/kg). Suspensions of 1 million B16.F10 or 4T1 cells in 50 l of PBS were injected just below the skin in the right leg of C57BL/6 or balb/c mice, respectively. Tumors were removed from mice when they reached approximately 1 cm in diameter and immediately sectioned by hand at a thickness of approximately 1 mm and placed in a 4°C PBS bath.
DNA mobility in tumor tissue
Tumor sections were removed from the 4°C PBS bath and blotted dry with a paper tissue. 10 l of diluted 0.5 m fluorescently labeled yellow-green latex microspheres (Polysciences, Warrington, PA, USA) were placed on top of the tissue and allowed to soak in for 2 min at room temperature. Excess microspheres were rinsed off with 1 ml PBS. The tumor section was blotted dry again with a paper tissue. 1 g of 5.1 kb rhodamine-labeled GFPencoding plasmid (Gene Therapy Systems, San Diego, CA, USA) was placed on top of the tissue and allowed to soak in for 2 min at room temperature. The tissue was placed upside-down on a microscope slide, ie fluorescent entities facing the slide. The electrode lid used in our Gene Therapy study was composed of a 35-mm petri dish lid with two halves of a stainless steel razor blade fixed, in parallel, 4.3 mm apart, and perpendicular to the lid surface. The electrode lid was fixed to the slide with super glue. The assembly was fixed to the stage of a confocal microscope (Model 510; Zeiss, Thornwood, NY, USA) with a tape. The electrodes were connected to a T820 square wave electroporator (BTX, San Diego, CA, USA). Fluorescence images of the rhodamine-labeled plasmid and the yellowgreen microspheres in the tissue were acquired using a 40× objective before and after each of 10, 100 V or 200 V, 50 ms pulses at room temperature. The total movement of plasmid per pulse was determined by cross-correlation analysis of the fluorescence images of the DNA between successive pulses. The details are as follows. The successive images can be represented as p(x,y) and q(x,y), where x and y are the indices of pixels in each image. If the image p is fixed and image q is shifted by i and j pixels in x and y directions, respectively, the normalized crosscorrelation coefficient of two images is given by
where p mean and q mean are the mean intensities in the images of p(x,y) and q(x+i, y+j), respectively, and
The summation above includes only overlapping pixels between p and q. We determined the vector of DNA movement by searching i and j at which the correlation coefficient, r ij , reached a maximal value. The range of the maximal r ij in our experiments was from 0.52 to 0.98. On the other hand, movement of tissues was calculated by tracking the movements of 10 randomly selected beads between successive images. The net plasmid movements in tissues, both perpendicular and parallel to the electric field, were found by subtracting the appropriate component of the tissue movement vector from the corresponding component of total plasmid movement during each pulse and averaged over each 10-pulse experiment.
Collagen histology 4T1 and B16.F10 tumors were excised from mice and fixed in 10% formalin for 24 h. Sections were then embedded in paraffin, sectioned at 5 m, and stained with a Masson trichrome solution.
Collagen assay Small samples (50-100 mg) of tumor tissues were incubated in 1 ml of digesting buffer (125 g/ml papain in 0.1 M sodium phosphate, 5 mM Na 2 EDTA and 5 mM Lcysteine-HCL, pH 6.0) for 18 h at 60°C. 100 l of each papain digest were hydrolyzed in 900 l of 6 N HCL at 110°C for 18 h. After solutions were brought back to room temperature, several drops of 0.02% methyl red indicator were added. Solutions were neutralized with 2.5 N NaOH, followed by 0.5 N HCL and, finally, 0.5 N NaOH. Solutions were diluted with water to achieve a hydroxyproline content of 1-5 g/ml. 1 ml of a chloramine T solution (1.41 g of chloramine T in 20 ml of water, 30 ml of ethylene glycol monomethyl ether and 50 ml of buffer) was added to 1 ml of the dilute solution and allowed to stand for 20 min at room temperature. The buffer (pH 6.0) was created by adding 50 g of citric acid monohydrate, 12 ml of glacial acetic acid, 120 g of sodium acetate and 34 g of NaOH to 1 liter of distilled water. The buffer was stored under toluene at 4°C. 1 ml of 3.15 M perchloric acid was added to destroy the chloramine T and allowed to stand for 5 min. 1 ml of 20% p-dimethylaminobenzaldehyde in ethylene glycol monomethyl ether was added. The solutions were incubated in a 60°C water bath for 20 min and then cooled in tap water for 5 min. The absorbancy of the solutions at 557 nm was recorded immediately. A standard hydroxyproline curve was established by dissolving 0-5 g hydroxyproline in 1 ml of deionized water and repeating the above procedure from the addition of chloramine T. Hydroxyproline is specific to collagen and accounts for approximately 12.5% of the collagen content. 12 
Statistical analysis
The P values in Figure 1 were determined from unpaired t test. The P values in Figure 2 were determined from one sample sign test with hypothesized values of zero movement. All statistics were performed with StatView software (Abacus Concepts, Berkeley, CA, USA).
